Background: Renal artery aneurysms (RAAs) are rare, with little known about their natural history and growth rate or their optimal management. The specific objectives of this study were to (1) define the clinical features of RAAs, including the precise growth rate and risk of rupture, (2) examine the current management and outcomes of RAA treatment using existing guidelines, and (3) examine the appropriateness of current criteria for repair of asymptomatic RAAs. Methods: A standardized, multi-institutional approach was used to evaluate patients with RAAs at institutions from all regions of the United States. Patient demographics, aneurysm characteristics, aneurysm imaging, conservative and operative management, postoperative complications, and follow-up data were collected. Results: A total of 865 RAAs in 760 patients were identified at 16 institutions. Of these, 75% were asymptomatic; symptomatic patients had difficult-to-control hypertension (10%), flank pain (6%), hematuria (4%), and abdominal pain (2%). The RAAs had a mean maximum diameter of 1.5 6 0.1 cm. Most were unilateral (96%), on the right side (61%), saccular (87%), and calcified (56%). Elective repair was performed in 213 patients with 241 RAAs, usually for symptoms or size >2 cm; the remaining 547 patients with 624 RAAs were observed. Major operative complications occurred in 10%, including multisystem organ failure, myocardial infarction, and renal failure requiring dialysis. RAA repair for difficultto-control hypertension cured 32% of patients and improved it in 26%. Three patients had ruptured RAA; all were transferred from other hospitals and underwent emergency repair, with no deaths. Conservatively treated patients were monitored for a mean of 49 months, with no acute complications. Aneurysm growth rate was 0.086 cm/y, with no difference between calcified and noncalcified aneurysms. Conclusions: This large, contemporary, multi-institutional study demonstrated that asymptomatic RAAs rarely rupture (even when >2 cm), growth rate is 0.086 6 0.08 cm/y, and calcification does not protect against enlargement. RAA open repair is associated with significant minor morbidity, but rarely a major morbidity or mortality. Aneurysm repair cured or improved hypertension in >50% of patients whose RAA was identified during the workup for difficult-to-control hypertension. (J Vasc Surg 2015;61:978-84.) 
Renal artery aneurysms (RAAs) are rare, with an estimated incidence of 0.09% in the general population. 1 Although uncommon, clinicians are more frequently encountering RAA due to the increased use of cross-sectional magnetic resonance and computed tomography (CT) imaging to evaluate other diseases. [1] [2] [3] Currently accepted indications for RAA repair include symptoms, size >2 cm, and aneurysms in women of childbearing age. These criteria are based on studies conducted before the widespread use of cross-sectional imaging. [1] [2] [3] [4] [5] [6] Thus, there remains significant controversy surrounding RAA treatment criteria because the incidence, risk of rupture, and growth rate have not been determined. 4 A contemporary single-institution study recently addressed issues of RAA growth rate and risk of rupture, based on aneurysm size, but the conclusions of the study were limited by small numbers. 7 Consequently, this multi-institutional study was conducted to (1) define the clinical features of RAA, including the precise growth rate and risk of rupture, (2) examine the current management and outcomes of RAA treatment using the existing guidelines, and (3) examine the appropriateness of current criteria for repair of asymptomatic RAA.
METHODS
Inclusion criteria and patient identification. RAAs were defined as focal, isolated dilatation of all three layers of the arterial wall that measured >1.5 times the diameter of the disease-free proximal adjacent arterial segment. 8 Patients with pararenal or juxtarenal aortic aneurysms and proximal RAAs that originated from an aortic aneurysm were excluded. Patients were identified using International Classification of Diseases, Ninth Revision codes 442.1 (aneurysm of renal artery) and 442.89 (aneurysms of other specific artery) using physician, hospital, and radiology billing records. Principal investigators at each institution were responsible for ensuring inclusion of all patients at their institution. Symptomatic RAAs were defined by using previously published criteria, including flank pain, abdominal pain, hematuria, and difficult-to-control hypertension. Symptoms were attributed to the aneurysm if no other etiology was discovered or if the symptoms resolved after surgery, or both. The principal investigator from each institution was responsible for reviewing the primary aneurysm images and the reports for each patient and confirming size and growth data.
Database management. This multi-institutional study examined all patients presenting with RAAs between 2003 and 2013 at each hospital, including patient transfers. Pseudotraumatic, mycotic, and post-traumatic aneurysms were excluded. Primary end points included (1) morbidity and mortality of conservative management, (2) morbidity and mortality of repair, (3) freedom from acute complications and emergency repair (rupture), and (4) patient survival.
After Investigational Review Board approval, data were collected, deidentified, and stored in a password-encrypted central database managed by the Vascular Low-Frequency Consortium at the University of California, Los Angeles. Patient consent was not required by the Investigational Review Board due to the study's minimal risk and retrospective nature. Patient data from each institution were examined for accuracy and completeness by the consortia coordinators, and incomplete entries were corrected. Collective data were reviewed, critiqued, and modified by all study participants.
Statistics. Data were maintained in an Excel 14 database (Microsoft Corp, Redmond, Wash). Statistical analysis was performed using SPSS 20 software (IBM Corp, Armonk, NY). Continuous variables are presented as mean 6 standard deviation, unless noted otherwise. Differences between subgroups were analyzed using independent Student t-test, Kruskal-Wallis test, Mann-Whitney U test, and analysis of variance. Differences between subgroups of noncontinuous variables were analyzed using the c 2 test or Fisher exact test. Multivariable analysis was performed using binary and multinomial logistic regression. Cochran and Mantel-Haenszel methods were used to derive hazard ratios and 95% confidence intervals. All time-dependent variables were analyzed using Kaplan-Meier life tables. The maximum diameter for each aneurysm was determined using the same imaging modality in sequential imaging studies to reduce variability, and growth rate was determined using a weighted average. A P value of <.05 was considered significant.
RESULTS
Patient demographics and comorbidities. We identified 760 patients with 865 RAAs at 16 institutions from hospitals in different regions of North America (Supplementary Table, online only). The mean age at diagnosis was 61 6 13 years (range, 12-99 years), and RAAs occurred predominantly in women (M:F ¼ 1:2). Comorbidities (Table I) included hypertension (82%), with a mean blood pressure of 157/86 mm Hg (on a mean of two antihypertensive medications). Unlike patients with degenerative aneurysms, only 21% had a history of tobacco use. Concomitant extra-RAAs occurred in 14% of patients, the most common sites being the abdominal aorta and splenic artery.
Most patients were asymptomatic, with the aneurysm discovered incidentally, and 25% presented with symptoms (Table II) . No patient presented to a participant site with rupture; however, three patients with ruptured RAAs were transferred, after rupture, to institutions involved in this study.
Imaging and diagnosis. CT angiography was the most frequently used imaging modality for the RAA diagnosis (58%), CT (without contrast) was the next most frequent (24%), followed by magnetic resonance angiography (6%), catheter angiography (5%), and ultrasound imaging (4%).
Aneurysm characteristics. The distribution and location of RAAs are shown in Fig 1, with 61% located on the right side. The aneurysm most commonly originated in the main renal artery bifurcation (Table III) , most were saccular, and 56% were calcified. Six patients had bilateral aneurysms and were observed. The remaining RAAs were located on the same kidney. The mean diameter of all RAAs was 1.5 6 0.1 cm, the diameter of symptomatic RAAs was 1.9 6 0.1 cm, and the diameter of asymptomatic RAAs was 1.5 6 0.1 cm (P < .001). A mean of two efferent arterial branches exited from the RAA. Eleven percent of aneurysms contained mural thrombus, 4% were associated with ipsilateral fibromuscular dysplasia, and 3% were associated with renal artery stenosis. Treatment. The management of patients with RAAs varied (Fig 2) by clinical presentation. In the 25% with symptomatic RAAs, 128 (mean diameter, 2.3 cm) were repaired and 77 (mean diameter, 1.3 cm) were observed. In asymptomatic aneurysms, 113 (mean diameter, 2.4 cm) were electively repaired and 547 (mean diameter, 1.3 cm) were observed. RAA repairs included 168 open repairs (OR) and 73 endovascular (EV) procedures. The mean diameters were 2.3 6 0.1 cm for OR aneurysms, 2.3 6 0.2 cm for EV aneurysms, and 1.3 6 0.1 cm for observed aneurysms. Treated aneurysms were significantly larger than observed aneurysms (P < .001). Among OR aneurysms, 42% originated at the main bifurcation; among EV aneurysms, 46% originated in the main trunk. There was no difference between the location of observed, OR, and EV aneurysms, but there were significantly more efferent branches in those treated with OR, compared with those treated with EV or observed (P < .001). Symptomatic patients who were operatively treated underwent elective repair 3 6 1 months after the initial diagnosis, whereas asymptomatic patients underwent elective repair 6 6 3 months after the initial diagnosis. In the OR group, there were 15 potential childbearing women based on age <45 years.
A total of 113 asymptomatic aneurysms, which were initially managed conservatively, were ultimately repaired in 91 patients (Fig 3) . The indication for repair was size >2 cm (73%), concomitant repair with abdominal aortic aneurysm repair (12%), development of symptoms (8%), rapid enlargement (4%), and patient choice (3%). Asymptomatic aneurysms that were repaired had a mean diameter of 2.4 6 0.1 cm (range, 1.4-5.3 cm); 43 asymptomatic aneurysms <2 cm were repaired. Aneurysms repaired for size >2 cm had a mean maximum diameter of 2.6 6 0.1 cm (range, 2.0-3.7 cm), and aneurysms repaired for rapid enlargement had a mean diameter of 2.2 6 0.2 cm (range, 1.1-2.8 cm).
In 45 patients (37%) who underwent aneurysm repair, symptoms that led to repair did not resolve: hypertension did not resolve in 34 patients, hematuria did not resolve in 5, flank pain did not resolve in 3, and abdominal pain did not resolve in 3.
Technique. Most of those patients who were managed with OR were treated by aneurysm resection with primary closure, followed by resection with patch angioplasty, ex vivo/complex repair, aneurysmectomy with bypass, resection with primary anastomosis, unplanned nephrectomy, and planned nephrectomy (Table IV) . Among the EV aneurysms, treatment included stent graft placement and coil embolization.
Complications. Hospital length of stay was significantly shorter in the EV group (2 vs 8 days; P < .001). Although there was no significant difference in complications, there was a trend toward higher rates of minor perioperative complication after OR. Minor perioperative complications occurred in 19% of OR patients and in 4% of EV patients (P ¼ .071) and included wound infection, urinary tract infection, ileus, urinary retention, minor renal infarct, renal insufficiency, and transient renal insufficiency not requiring dialysis. Major perioperative complications occurred in 8% of OR patients and in 2% of EV patients (P ¼ .344) and included multisystem organ failure, myocardial infarction, and renal failure requiring dialysis. Late postoperative complications occurred in 9% of OR patients and in 8% of EV patients and included persistent abdominal abscess, stent graft stenosis, renal bypass thrombosis, renal artery thrombosis, and incisional hernia.
Only two patients suffered 30-day mortality: one patient died of intraoperative cardiopulmonary arrest and one patient died on postoperative day 2 from multisystem organ failure. One additional patient sustained a fatal myocardial infarction 90 days postoperatively. All patient deaths occurred in those patients aged >60 with multiple comorbidities.
Effect of repair on hypertension. Among the 76 patients (10%) who underwent RAA repair with difficultto-control hypertension as the operative indication, Nonoperative management. Conservatively managed patients were observed for a mean of 49 6 5 months, and no aneurysm ruptures occurred. Eighty-eight RAAs >2.0 cm were treated nonoperatively (mean diameter, 2.7 6 0.1 cm) with a mean follow-up of 29 6 5 months, also with no ruptures. No patient under observation developed acute renal artery complications (thrombosis or embolization). Serial imaging was performed in 83% of patients whose aneurysms were not surgically repaired, with a mean time of 9 6 2 months between imaging studies; of these, 79% were monitored by CT, 14% by ultrasound imaging, and 7% by magnetic resonance imaging. The imaging modality used at diagnosis was the same as that used for serial imaging in 91% of patients.
There were three patients with Ehlers-Danlos syndrome (maximum aneurysm diameter, 1.1, 1.2, and 2.3 cm), two with Marfan syndrome (maximum aneurysm diameter, 1.1 and 2.4 cm), and one patient with a suspected connective tissue disorder (maximum aneurysm diameter, 2.1 cm). All of these patients were managed conservatively, and no acute complications developed. The mean aneurysm growth rate was 0.055 cm/y, which was not significantly different than the growth rate of other observed aneurysms (P ¼ .758).
Growth rate. The overall growth rate, calculated from 454 aneurysms with two or more serial studies using the same imaging technique, was 0.086 6 0.08 cm/y. There was no significant difference in growth rate between (12) 25 (12) calcified and noncalcified RAAs (P ¼ .784; Fig 4) . Most RAAs (293 aneurysms) did not grow, making the median and mode growth rate 0 cm/y (Fig 5) . Aneurysms >2 cm that were observed showed a growth rate of 0.2 cm/y over a mean of 2.1 years, which was not significantly different from aneurysms #2 cm (P ¼ .083). There was no difference in growth rate based on aneurysm morphology or calcification. Ruptured RAAs. No database participant reported that a RAA rupture occurred at their hospital during the 10-year period. Three ruptured RAAs were identified, for an overall rupture rate of 0.3%. All three patients were referred to a participating study center from another hospital, and all survived. The first patient presented with free rupture, underwent a nephrectomy, and was transferred to the participating research center for a higher level of care. The second patient presented with a contained rupture and was transferred to the participating care center for coil embolization. The third patient had a prior contained rupture, coil embolization had failed, and presented to a tertiary care center for definitive management. All ruptured RAAs were >3 cm (mean diameter, 3.7 6 0.2 cm). Among RAAs >3 cm, the rate of rupture was 18% (3 of 17 RAA). One of the ruptured aneurysms occurred in a patient with a suspected connective tissue disorder.
DISCUSSION
This study reports a very large series of RAAs identified in patients and was conducted over the last 10 years, during a time when cross-sectional abdominal imaging (CT angiography/magnetic resonance angiography) was routinely used for the diagnosis of many abdominal diseases and when OR and EV techniques were both available for treatment. The conclusions of this study are that rupture of asymptomatic RAAs is exceedingly rare, growth rate of RAAs is very slow, and OR is associated with significant minor morbidity but rarely with major morbidity or mortality.
The natural history of RAAs is not well defined due to their low frequency; however, that repair of RAA should be performed in symptomatic patients and in women of childbearing age is widely accepted because of the risk and high mortality of rupture during pregnancy. [9] [10] [11] Most studies, including the largest previous experience of RAA from the University of Michigan, as well as most textbooks, support the surgical treatment of all RAAs >2 cm, regardless of symptoms. 4, 6 However, in the current study, and reflective of the continuing controversy about treatment criteria, 88 aneurysms between 2 and 3 cm at 13 different institutions were not surgically repaired, and no acute complications were reported, suggesting that conservative management of some asymptomatic RAAs between 2 and 3 cm may be safe.
Early studies estimated the risk for rupture of RAAs to be as high as 14%, but most authors have reported a rupture rate of w3%. 1, 3, 4, 10, [12] [13] [14] [15] [16] As early as 1983, Tham et al reported an extremely low risk of rupture of RAAs, with no ruptures in 83 aneurysms monitored for a mean of 4.3 years, and many series have validated this benign natural history. 1, 7, 13, 17, 18 The results from the present study, with three ruptures in 865 aneurysms, including 88 aneurysms >2 cm and seven aneurysms >3 cm, further confirm that RAA rupture is an exceedingly rare event, with a frequency much less than 3%.
The study that has reported growth rates for RAAs used 14 aneurysms to calculate a growth rate of 0.060 cm/y. 7 The current study used 454 aneurysms from 16 different institutions and calculated a growth rate of 0.086 cm/yr. On the basis of this calculated growth rate, 46% of the asymptomatic aneurysms in this study would not require surgical repair in the next 10 years if the size threshold for asymptomatic repair were increased to 3 cm.
Some studies have suggested a beneficial effect of RAA repair on hypertension, whereas others have not. 7, [19] [20] [21] [22] [23] [24] [25] The relationship between RAA and hypertension is not fully elucidated, but the University of Michigan experience reported that surgical repair reduced blood pressure and the use of antihypertensive medications. It did not, however, establish a mechanical explanation, such as renal artery kinking, embolization, or stenosis, for the improvement. 7 Consistent with the University of Michigan's report, w50% of the patients with difficult-to-control hypertension in the previously reported University of California, Los Angeles series and this series with difficult-to-control hypertension were cured or improved after operative repair. 7 When performed by well-trained surgeons, OR of RAAs has been reported to be associated with a low major morbidity and mortality, and EV repair of RAAs has emerged as an alternative to OR in patients who are considered to be poor surgical candidates. 6, 7, 23, [26] [27] [28] Most reports of EV repair of RAAs have been small series because many RAAs are not located in an optimal site for EV repair, but with careful selection, good outcomes have been obtained with stenting and coil embolization. 18, [29] [30] [31] [32] [33] The location of the aneurysm is critical for an EV approach to be successful; stent grafting is currently limited to the main renal artery, where no branches are involved with the aneurysm.
One of the main limitations of this study is its retrospective design, which precludes capture of all RAAs, so the true natural history of RAAs remains unknown because only outcomes of patients who did undergo aneurysm repair could be analyzed. Although most patients had an imaging study to evaluate their aneurysm, the modality used was not standardized, so recommendations about optimal imaging are limited to the observation that measurement of aneurysm growth can be obtained with CT angiogram or MR angiogram and that serial growth rates and aneurysm size can be determined and may be used as criteria for repair.
Despite the large number of patients, because our study included only three patients with rupture, all referred from other hospitals, we were unable to determine specific risk factors for RAA rupture. To conclusively determine the risk of rupture, a prospective trial would be required that compares surveillance and repair for RAAs between 2 and 3 cm.
CONCLUSIONS
This large, contemporary, multi-institutional study demonstrated that asymptomatic RAAs rarely rupture, even when >2 cm and noncalcified, that the RAA growth rate is w0.09 cm/y, that calcification does not protect against growth, that OR is associated with significant minor morbidity but rarely a major morbidity or mortality, and that aneurysm repair cured or improved hypertension in >50% of patients whose RAA was identified during the workup for difficult-to-control hypertension. This study questions current size criteria for repair of asymptomatic RAAs at 2 cm and supports the development of updated practice guidelines, because current guidelines recommending repair to prevent rupture for asymptomatic RAAs measuring >2 cm may be too aggressive.
We believe that RAA repair should be considered for asymptomatic RAAs >3 cm, those that demonstrate rapid growth, and those identified in women of childbearing age. Repair should continue to be offered to those patients with symptomatic RAAs, including those with medically refractory hypertension.
